Objective To test the hypothesis that resuscitation with balanced fluids (lactated Ringer [LR]) is associated with improved outcomes compared with normal saline (NS) in pediatric sepsis.
F
luid resuscitation is the cornerstone of acute management for hypovolemia and shock, but there remains uncertainty as to the most appropriate fluid to restore blood volume and optimize organ perfusion. [1] [2] [3] Isotonic crystalloid fluids are generally preferred, except in cases of hemorrhage, as they are inexpensive, easy to store, and available in a wide variety of settings. 4, 5 Sepsis guidelines for adults and pediatrics recommend initial crystalloid fluid resuscitation. 6, 7 Crystalloid fluids can be categorized as either nonbuffered/nonbalanced (eg, 0.9% normal saline [NS]) or balanced (eg, lactated Ringer [LR] , Hartmann, Plasma-Lyte, Baxter, Deerfield, Illinois) solutions. Although balanced fluid have a more physiologic electrolyte composition and strong ion difference closer to plasma than NS, these fluids have not been preferentially used for sepsis resuscitation. 4, 5, 8 However, large amounts of NS can induce a hyperchloremic metabolic acidosis and have been associated with adverse effects on kidney injury, coagulation, and death. [9] [10] [11] [12] Alternatively, balanced crystalloids have been associated with improved outcomes and decreased renal replacement therapy compared with NS in adult sepsis. 11, 13 In pediatric sepsis, there are limited data comparing clinical outcomes following LR vs NS resuscitation. Although Carcillo et al 14 demonstrated the importance of early fluid resuscitation in pediatric septic shock, there was no differentiation between use of NS or LR. In a randomized trial of 4 fluid regimens in children with dengue fever, patients receiving LR were slower to recover from shock compared with NS, but the study was not powered for morbidity or mortality outcomes. 15 The largest study of fluid resuscitation in children with severe infections restricted crystalloid fluids to NS. 16 Consequently, guidelines for pediatric sepsis are unable to provide evidence-based recommendations to choose among available crystalloid solutions even despite emerging data questioning the relative safety of NS in adults. 6 Because crystalloid fluids are so commonly used, even a small benefit attributable to type of fluid resuscitation could provide a substantial public health impact with only a minor shift in practice. We, therefore, sought to test the hypothesis that balanced fluid resuscitation is associated with improved outcomes in pediatric sepsis.
Methods
We conducted a matched retrospective cohort study of pediatric patients <18 years of age with severe sepsis or septic shock across 382 geographically diverse US hospitals between January 2000 and December 2013. Patients were identified from the Premier Healthcare Database, an administrative database established by the Premier healthcare alliance that contains itemized daily logs of all patient charges. The Premier Healthcare Database is the largest acute care database in the US with a complete census of all inpatients from more than 600 hospitals, of which approximately three-quarters are nonteaching hospitals. Pediatric data is contributed through a combination of community-based and specialty children's hospitals. The study was considered exempt from human subjects research oversight by The Children's Hospital of Philadelphia Institutional Review Board because only deidentified data were used. Eligible patients were <18 years of age, diagnosed with severe sepsis or septic shock, received initial treatment at the Premier hospital, were not admitted to a neonatal intensive care unit (based on all patient refined-diagnosis related group codes), and were ordered to receive any combination of NS or LR fluid boluses during the first 3 days of hospital admission. To identify severe sepsis and septic shock, we used previously published combinations of International Classification of Diseases, Ninth Edition, Clinical Modification (ICD-9-CM) codes for either an invasive infection plus acute organ dysfunction (Tables I and II; available at www.jpeds.com) or the ICD-9-CM codes for severe sepsis (785.52) or septic shock (995.92). 17, 18 To increase the likelihood that initial fluid resuscitation was related to sepsis, we restricted inclusion to patients with blood cultures and broad-spectrum antibiotics (Table III; available at www.jpeds.com) ordered within the first 3 hospital days. We excluded patients with unknown hospital disposition at day 30.
Exposure to LR or NS was defined by type and amount of fluid recorded over the first three hospital days. Only LR or NS ordered as bolus therapy was considered. Because balanced fluids other than LR (eg, Plasma-Lyte) were rare (0.3%), we limited our analysis to LR and NS. Fluid volumes were billed as 250, 500, or 1000 mL units. Although some patients likely received only a portion of a unit because of weight-based fluid dosing in pediatrics, we considered the entire unit to have been administered. Patients were categorized as exposure to only NS (NS group) or to varying amounts LR and NS (LR-any group), similar to the methodology published by Raghunathan et al. 13 We also performed a separate analysis of patients who received only NS vs only LR (LR-only group).
Demographics, month/site of admission, comorbid conditions, and intensive care therapies were obtained from the Premier Healthcare Database. Comorbid conditions were defined using pediatric complex chronic conditions. 19 Therapies included use of the following on hospitals days 1, 2, or 3: noninvasive and invasive mechanical ventilation, vasoactive infusions, albumin, blood products, furosemide, corticosteroids, use of a central venous catheter, arterial line, or bladder catheter, and extracorporeal membrane oxygenation. Because doses of vasoactive infusions were not available, we summarized this variable as the total number of vasoactive infusions. Blood products were defined as any combination of red blood cells, platelets, fresh frozen plasma, or cryoprecipitate.
Outcomes
The primary outcome was all-cause 30-day hospital mortality in the NS vs LR-any groups. To increase the likelihood that death was related to the initial sepsis episode requiring fluid resuscitation, we censored the primary outcome at 30 days after admission. Secondary outcomes included uncensored hospital mortality, hospital mortality plus hospice, acute kidney injury (AKI) with and without dialysis, and pediatric intensive care unit (PICU) and hospital length of stay (LOS). AKI was defined by the ICD-9-CM code 584.x and AKI with dialysis was defined as an ICD-9-CM code for AKI (584.x) with either (a) a procedure charge for a dialysis catheter (38.95) with a charge for dialysis (39.95) or (b) charge codes for dialysis supplies. 13 Patients with an ICD-9-CM code for end-stage renal disease already undergoing dialysis (ICD-9-CM 585.6) were excluded from the analysis of AKI with or without dialysis. All outcomes were also analyzed separately for patients in the LRonly group.
Statistical Analyses
Analyses were performed using R 2.13.1 (R Foundation) with mipmatch package 20 and Stata v 12.1 (StataCorp, College Station, Texas). Data are presented as medians (IQR) or proportions. We used mixed integer programming 1:1 matching to minimize the within-pair Mahalanobis distance for key covariates that were both available within Premier and had a biologically plausible or previously demonstrated association, including demographics, comorbidities, and therapies, with risk of death. The Mahalanobis distance is the difference in covariate values for patients in the LR vs NS groups divided by the covariates' SD. 21 Unlike propensity scores that can produce stochastic balance, integer matching ensures a more predictable and precise balance on specific covariates. 20 The specific patient-level covariates used for matching are listed in Tables IV and V (Table IV; available at www.jpeds.com). In addition, because LR use was likely to cluster by hospital, we also matched within site exactly except for hospitals that had ≤10 patients for which we allowed matching across sites. We also repeated the analysis excluding hospitals with ≤10 patients to ensure matching across low-volume hospitals did not impact our findings. Because prior studies have demonstrated differences in mortality for patients identified with specific severe sepsis/septic shock ICD-9-CM codes compared with Volume 182 • March 2017 codes for infection plus organ dysfunction, 17, 18 we used fine balance to match patients by sepsis identification strategy. Fine balance ensures matching on one variable without restricting matching on other variables. 22 A similar approach matched patients by year and season.
To assess match quality, we calculated standardized differences for each variable by dividing the mean difference between matched patients by the pooled SD before matching. We used the benchmark of <0.10, or less than one-tenth of a SD, as the maximum acceptable standardized difference. 23, 24 Matching was repeated within quartiles of total crystalloid volume, such that patients in the LR-any group were matched only to patients in the NS group who received a similar total volume of crystalloid fluid. We used sex-specific 50th percentile weight-for-age (Table VI; available at www.jpeds.com) to estimate age-related differences in volume administration. Next, matching was again repeated after stratifying patients by proportion of total fluid given as LR, including a separate match for the LR-only group. Stratifying by volume before matching ensured that matched pairs did not consist of patients who received substantially different total volumes of fluid. Finally, one last match was conducted using only those covariates unlikely to mediate the effect of fluid type on outcome, including age, sex, race/ethnicity, comorbidities, site, season, year, and sepsis identification strategy. For this final analysis, therapies that may have occurred following fluid resuscitation were not used in the match.
We tested for differences in outcomes using McNemar or Wilcoxon sign rank tests for matched pairs. To assess for potential confounding because of residual statistical differences in matching variables between groups, we used conditional logit regression to adjust for any covariates that differed between groups at P < .01. 25 For 30-day mortality, we also performed a Kaplan-Meier analysis to determine if time-to-death differed between groups. For LOS, we used the Huber M estimate because of long tails and permutation distribution to test for statistical significance. 22 Because LOS may be influenced by survival, we conducted 2 analyses to determine if LOS was sensitive to vital status. First, we set LOS to the sample maximum for all nonsurvivors, and, second, we set LOS to 30 days for all nonsurvivors. 26 To account for the potential preference of LR utilization in surgical patients, the primary match and analyses were repeated after excluding all patients who underwent any surgery based on diagnosis related group codes. Statistical significance was defined as P < .05.
Results
An initial cohort of 12 529 patients met all inclusion/exclusion criteria, including 10 379 ordered for only NS fluid (NS group) and 2150 patients ordered for at least 1 LR fluid bolus (LRany group) (Figure 1 ; available at www.jpeds.com). Only 459 patients received exclusive LR resuscitation (LR-only group). Use of LR decreased slightly between 2000 and 2005 (31% to 16%) but remained between 14% and 16% through 2013. The median (IQR) volume of total fluid resuscitation was 1000 mL (500-2000 mL) and by estimated weight-for-age was 24 mL/ kg (13-45 mL/kg). Before matching, the LR-any group was older (median 8 vs 5 years, P < .001), received larger crystalloid volumes (median 2000 vs 1000 mL [40 vs 22 mL/kg], P < .001), was less likely to have malignancies, and more likely to receive intensive care therapies (Table IV) . Unadjusted 30-day hospital mortality was not different between the LR-any (7.4%) and NS (6.9%) groups (P = .33). However, unadjusted 30-day mortality varied significantly for patients who received only LR (5.0%), a combination of LR and NS (8.1%), and only NS (6.9%) fluid (P = .04).
A total of 2117 patients who received any LR were matched 1:1 with patients that received only NS on the variables listed in Table V , as well as site, season, and sepsis identification strategy. Patient characteristics, comorbidities, and nonfluid therapies were similar after matching ( Table V) . For several covariates, P values remained <.05 reflecting the large sample, but standardized differences were all <.10 in the matched cohort (Figure 2 ; available at www.jpeds.com). The majority of pa- ¶Comorbid conditions were categorized using ICD-9-CM codes defining pediatric complex chronic conditions. 19 **Includes therapies administered through hospital day 3. † †Includes only patients who received at least 1 vasoactive infusion. ‡ ‡Includes administration of whole blood, packed red blood cells, platelets, plasma, and cryoprecipitate.
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Volume 182 tients included in the matched analysis were identified with severe sepsis using ICD-9-CM codes for infection plus organ dysfunction (80.4%) vs specific severe sepsis/septic shock codes (19.6%).
LR-Any Matched Analysis
In the matched cohort of 4234 patients, 30-day hospital mortality was 7.2% in the LR-any group and 7.9% in the NS group (risk ratio 0.99, 95% CI 0.98, 1.01; P = .20). There were no significant differences in overall hospital mortality, hospital mortality plus hospice, or AKI with and without dialysis ( Table VII) . There remained no differences in these outcomes after further adjusting for imperfectly balanced covariates in multivariable analyses, after repeating the match using only those covariates unlikely to mediate the effect of fluid type on outcome, or after excluding surgical patients (data not shown). Hospital LOS was longer for the LR-any group compared with the NS group (absolute difference 2.4, 95% CI 1.4, 5.0 days; P < .001). Analyses setting LOS to the sample maximum or to 30 days for all nonsurvivors did not impact these findings (Table VIII; available at www.jpeds.com), nor did excluding 234 matched pairs from hospitals with ≤10 patients (data not shown). The Kaplan-Meier analysis demonstrated no difference in time-to-death between matched groups (log-rank P = .11) (Figure 3 ; available at www.jpeds.com).
Patients with specific ICD-9-CM codes for severe sepsis/ septic shock had higher 30-day hospital mortality than patients identified by infection plus organ dysfunction codes (15.0% vs 5.8%, P < .001). However, there were no differences in outcomes between the matched LR-any and NS groups stratified by sepsis identification strategy except for longer PICU and hospital LOS for the LR group identified by combination codes (Table IX ; available at www.jpeds.com).
Volume-Stratified Analysis
Although mortality rose with increasing weight-adjusted crystalloid fluid volume, 30-day hospital mortality did not differ between the LR-any and NS groups after matching within volume quartiles (Figure 4) . However, only 142 patients received LR in the first quartile of total crystalloid fluid volume, and there was an increase in LR utilization with successive Hospital mortality for LR-any and NS groups matched within quartile of total crystalloid fluid volume. The x-axis categorizes patients based on quartile of total fluid crystalloid volume received after correcting by estimated weight for age (median total volume in Q1 = 8 mL/kg, Q2 = 17 mL/kg, Q3 = 32 mL/kg, and Q4 = 68 mL/kg). The y-axis shows the adjusted 30-day mortality rate. Patients in the LR-any group were matched within volume quartile to patients who received only NS. There were no significant differences in mortality between the LR-any and NS groups within any of the total volume quartiles.
quartiles of total volume administration (Q1: 5.0%; Q2: 11.5%; Q3: 20.6%; Q4: 30.2%), supporting the preferential use of LR in patients who required larger total fluid volumes. In addition, PICU admission and the use of nonfluid intensive therapies were more common in each successive quartile (Table X; available at www.jpeds.com) making it difficult to disentangle proportionate LR use, volume of fluid resuscitation, and illness severity. Finally, matching performed least effectively in the fourth quartile of patients who received the largest total fluid volumes and with the most severe illness severity (Figure 5 ; available at www.jpeds.com).
Dose-Response Analysis
To account for variability in the proportionate use of LR, patients were separately matched after stratifying by proportion of total crystalloid volume ordered as LR. Patients with an increasing proportionate LR use received fewer intensive therapies and had a lower rate of adverse outcomes (Tables XI and XII; available at www.jpeds.com). However, there were no differences in 30-day hospital mortality or AKI (Figure 6 ; available at www.jpeds.com) or dialysis (data not shown) between the LR groups stratified by proportionate LR utilization and the NS group.
LR-Only Matched Analysis
In the separate matched cohort of 918 patients receiving either exclusive LR or NS fluid, 30-day hospital mortality was 5% in the LR-only group and 4.6% in the NS group (risk ratio 1.01, 95% CI 0.98, 1.03; P = .69). There were no significant differences in secondary outcomes, except a longer hospital LOS in the LR-only group (Table VII) .
Discussion
In this large matched cohort study of pediatric severe sepsis and septic shock, balanced fluid resuscitation with LR was not associated with improved mortality, AKI, or dialysis, even when matched by fluid volume and proportionate LR utilization. However, LR was preferentially used either as first-line fluid in patients with lower illness severity or as an adjunctive fluid in patients who received large amounts of fluid resuscitation, and the matching algorithm was least effective in the most severely ill patients who received the largest total fluid volumes. Consequently, the results of our study are best interpreted as establishing the need for and the equipoise to conduct a prospective randomized trial to definitely address the comparative effectiveness of balanced fluids and NS in pediatric sepsis.
Prior data suggest that the supraphysiologic chloride content of NS may be detrimental to renal function and acid-base balance.
1-3,9-11 Infusion of chloride-rich fluids reduced renal blood flow in dogs and healthy human volunteers to a greater extent than more balanced fluids. 27, 28 NS also induced abdominal discomfort, drowsiness, and impaired cognition, compared with LR and other balanced fluids, in a human study. 29 In a sequential period study of critically ill adults, use of chloride-restrictive fluids reduced the odds of AKI and dialysis by almost 50%. 11 Infusion of large volumes of chloriderich solutions can also cause a hyperchloremic metabolic acidosis, which has been shown to be proinflammatory. 30 Our work builds on previous clinical studies that have overwhelmingly focused on adult populations. Most studies have demonstrated either no difference [31] [32] [33] [34] or a benefit of at least some proportion of resuscitation fluids given as balanced solutions. [11] [12] [13] For example, Raghunathan et a 13 found that receipt of at least some balanced fluids during initial resuscitation was associated with lower hospital mortality in adults with vasopressor-dependent septic shock. This contrast with our results may be attributable to age-related biological differences, such as a lower rate of baseline subclinical cardiac and renal disease in children, or methodological differences, such as limiting the adult study to vasopressor-dependent shock. Unfortunately, insufficient sample size precluded limiting our pediatric analysis to vasopressor-dependent shock. Moreover, even though Premier offers a geographically diverse sample, the relatively low median fluid volume resuscitation and mortality <8% suggests an overall moderate illness severity that may not reflect more severe pediatric sepsis cases that tend to concentrate at specialty children's hospitals. It is also possible that potential detrimental effects of LR, including microvascular thromboses (because of calcium activating the clotting cascade) 9 or cerebral edema (because of mild fluid hypotonicity), 35 may be more problematic in children. For example, in Vietnamese children with Dengue shock, patients randomized to resuscitation with LR had a longer time to recovery than patients resuscitated with NS. 15 As with other critical therapies, benefits seen in adult populations may not translate to children.
Prior studies suggest that potential adverse effects associated with NS are dose-related such that LR may only be beneficial for patients requiring large-volume fluid resuscitation. [1] [2] [3] In our study, mortality increased with larger fluid volumes and decreased with a greater proportion of fluid given as LR, but there were no differences between LR and NS groups after matching within volume quartiles, by proportionate LR utilization, or in the separate matched analysis of LR-only patients. However, the preference for LR as first-line fluid in patients with low illness severity or as an adjunctive fluid in patients who received a large amount of total fluid could have masked a true benefit of LR.
There are several limitations. First, claims-based data may lead to misclassification bias if ordered and administered therapies are discrepant, although this is unlikely to produce differential bias between groups. Also, we were not able to account for prehospital fluid administration, partial administration of fluid units (which is common in pediatrics because of weightbased fluid administration), or account for deviations in weight from published growth curves. Even though this may have overor underestimated fluid administration, these are unlikely to have been sources of differential bias between LR and NS. However, the younger age of the NS-only group (before and after matching) could have introduced slightly more error in estimated total fluid volumes than in the LR-group because younger patients are more likely to receive partial administration of a fluid bag and rounding to median weight represents a larger proportional change relative to true weight.
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Second, using ICD-9-CM codes for infection plus organ dysfunction to identify pediatric sepsis is controversial. 17, 18, 36 Notably, patients with more specific ICD-9-CM sepsis codes had a trend toward decreased mortality and less dialysis in the LR group. Moreover, because identification and timing of surgical interventions is limited using administrative codes, it was difficult to fully account for a possible surgical preference to use LR. Third, differences in demographics, comorbidities, and intensive therapies indicate nonrandom selective use of LR over NS. Although statistical matching was able to remove much of these baseline differences, we cannot rule out residual confounding within unmeasured covariates. In addition, in the absence of physiologic and laboratory data, we used intensive care therapies for illness severity but could not determine if these therapies occurred after-or as a result of-differential use of LR vs NS. Because excluding these variables from the match posed risk for increased confounding, we chose a conservative approach similar to Raghunathan et al 13 fluid study in adult sepsis despite the possibility that matching on these covariates could have masked outcome differences. However, secondary analyses using patients matched only on covariates unlikely to mediate the effect of fluid type on outcome also showed no differential effect of LR vs NS. Finally, because LR was the predominant balanced fluid used, our data may not be generalizable to other balanced fluids.
In this large matched observational study, use of LR (alone or in combination with NS) was not associated with improved outcomes compared with exclusive NS resuscitation in pediatric septic shock. These findings support the current practice of using NS as the first choice for crystalloid fluid resuscitation in pediatric sepsis. However, given the limitations of matching within a retrospective observational study to fully account for the nonrandom selective use of LR, our findings also emphasize the need for a large-scale prospective randomized trial to definitely determine the comparative effectiveness of balanced fluids and NS in pediatric sepsis. ■ Figure 2 . Summary of A, P values and B, standardized differences in unmatched and matched cohorts. The standardized difference is computed dividing the mean difference between matched patients by the pooled SD before matching, with values <.10 considered an acceptable level of discrepancy within a matched pair. Before matching, there were statistically significant differences in more than one-half of the covariates, and the standardized differences exceeded 0.10 in nearly one-quarter of covariates. After matching, the median P value across covariates increased to >.25, and the standardized differences were <.10 for all covariates. 
310.e2 Figure 5 . Summary of A, P values and B, standardized differences across matched LR-any and NS patients within quartile of total crystalloid volume. The standardized differences were <.10 for nearly all covariates in each quartile, reflecting an acceptable maximum discrepancy within matched pairs in each volume quartile. However, the distribution of P values decreased with each successive volume quartile, suggesting that the matching algorithm performed least effectively for those patients who received the large total crystalloid fluid volumes. Figure 6 . Hospital mortality and AKI for patients matched after first stratifying LR-any group by proportion of total crystalloid volume ordered as LR. Patients in the LR-any group were matched within each stratum to patients who received only NS. Each set of bars is grouped by total crystalloid volume given as LR, including patients who only received NS but who were matched to LR-any patients in those strata. Although both 30-day hospital mortality and AKI occurred less frequently as the proportion of total fluids given as LR increased, there were no significant differences between the matched LR and NS groups within each strata with the exception of significantly lower 30-day hospital mortality in the LR group within the 26% to ≤50% strata (*P = .03). 4 Secondary thrombocytopenia 287. 5 Thrombocytopenia, unspecified 286. 9 Other/unspecified coagulation defect 286. 6 Defibrination syndrome 570
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Acute and subacute necrosis of liver 573. 4 Hepatic infarction 584
Acute renal failure *Where 3-or 4-digit codes are listed, all associated subcodes were included. (5) 32 (8) 10 (7) 23 (5) .12 Metabolic 28 (9) 42 (5) 20 (5) 12 (9) 19 (4) .009 Neuromuscular 68 (23) 159 (18) 69 (18) 25 (18) 85 (19) .51 Congenital disorders 32 (11) 94 (11) 32 (8) 18 (13) 35 (8 *Data presented as n (%), unless noted. †Statistical comparison using Kruskal-Wallis and chi-square tests, as appropriate. ‡Comorbid conditions were categorized using ICD-9-CM codes defining pediatric complex chronic conditions. 19 §Includes therapies administered through hospital day three. ¶Includes only patients who received at least one vasoactive infusion. **Includes administration of whole blood, packed red blood cells, platelets, plasma, and cryoprecipitate. 
